We have previously reported the use of one-bead-one-compound (OBOC) combinatorial technology to develop a disulfide cyclic, Arg-Gly-Asp containing octapeptide LXW7 (cGRGDdvc), that targets αvβ3 integrin with high affinity and specificity (Mol Cancer Ther, 9:2714-23, 2010. αvβ3 integrin is known to be over-expressed in many cancers and in tumor vasculature, and it has been established as a cancer therapeutic target. To further optimize LXW7, we have performed systematic structure activity relationship (SAR) studies. Based on the results, two highly focused OBOC peptide libraries were designed, synthesized and screened against αvβ3 integrin transfected K562 cells. One of the best ligands, LXW64 was found to have 6.6-fold higher binding affinity than LXW7, and showed preferential binding to cells expressing αvβ3 integrin. In addition to binding strongly to U-87MG glioblastoma cells in vitro, LXW64 also targets U-87MG xenografts implanted in nude mice, indicating that it is an excellent vehicle for delivery of cytotoxic payload to tumors and tumor blood vessels that overexpress αvβ3 integrin.
affinity using competition binding assay on αvβ3 integrin transfected cells (K562/αvβ3+). Based on the results of these studies, two OBOC focused libraries were designed and synthesized. The screening of these OBOC focused libraries resulted in the development of several cyclic peptides with higher affinities than LXW7. LXW64 was identified as the lead compound showing preferential binding to αvβ3 integrin expressing cells. We have also used near infra-red optical imaging to demonstrate that this peptide was able to target implanted xenograft in vivo with high efficiency and specificity.
Materials and Methods
Materials. TentaGel S NH 2 resin (90 μm diameter, 0.27 mmol/g) was purchased from Rapp Polymere GmbH (Tübingen, Germany). Rink amide MBHA resin (0.59 mmol/g), amino acid derivatives, HOBt, and DIC were obtained from GL Biochem Spectra were recorded in delayed extraction mode (300 ns delay). All spectra were recorded in the positive reflector mode. Spectra were sums of 1000 laser shots. Matrix alpha-cyano-4-hydroxycinnamic acid was prepared as saturated solutions in 0.1% TFA in 50% CH 3 carboxylic acids were coupled to each portion of resin using DIC/HOBt in DMF. The reaction mixture was shaken overnight at room temperature. The resin was then completely washed and dried under vacuum. After cleavage from the beads, the crude products were cyclized and purified to give peptide [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] (Supplementary data Table   S1 ).
Synthesis of Focused "One-Bead-One-Compound" Peptide Libraries. The OBOC libraries were synthesized on TentaGel S NH 2 resin using the bilayer bead encoding strategy and "split-and-pool" method. A biphasic solvent and topologic segregation approach was used to create bilayer beads. The library compounds are displayed on the outer layer (4% down substitution) and the coding peptide tags on the bead interior. The two focused OBOC peptide libraries were constructed on bilayer beads using Fmoc chemistry. The synthesis details are presented in the supplementary data "synthesis of focused libraries", Table S2 , S3 and S4.
On-Bead Whole Cell Screening Assay. U-87 MG cells adherent to the bottom of a T75 flask were trypsinized with 0.05% trypsin-EDTA and neutralized with culture medium. Floating cells were collected, spun down, and resuspended in 10 mL of culture medium in a 10 cm Petri dish. The library beads were washed sequentially with ethanol, water, and PBS. The beads were then incubated with suspended U-87 MG cells, and the entire dish was swirled at a speed of 40 rpm inside an incubator at 37ºC under 5% CO 2 . The plate was then examined under an inverted microscope every 15 min. were incubated with 0.5 μM biotinylated LXW7 first, then the mixture was incubated with cells and followed by streptavidin-PE incubation. Samples were run with flow cytometry and Mean Fluorescence Intensity was decided for each individual sample.
IC 50 s were calculated based on the readings from each sample.
Data Processing and Statistics.
Histogram analysis with determination of mean fluorescence intensity (MFI) was conducted after running Flowcytometry. The IC 50 of peptides were calculated using Graph Prism software. All of the data are shown as mean (SD of n independent measurements).
Results and Discussions
We have previously reported the identification of tumor targeting ligands through screening OBOC libraries using K562/αvβ3+ cell lines as living cell probes (21) . In that study, we hypothesized that through screening OBOC libraries with RGD and related motifs against αvβ3 integrin expressing cell line, one would be able to optimize the amino acids flanking the RGD motif and discover ligands with higher affinity and selectivity to αvβ3 integrin. The screening results indicated that for αvβ3 integrin, the RGD triad flanked by a Gly at the N-terminal side and polar or negative charged amino acids at the C-terminal side was optimal, and the lead peptide sequence emerged from that study was cGRGDdvc (LXW7), which was found to bind strongly to αvβ3, weakly to αvβ5 and αIIbβ3 integrin, and had no binding to α5β1 integrin (21) .
In this study, we performed systematic SAR studies to map the pharmacophore of resulted in a complete loss of binding affinity (Table 1) .
We Introducing bulky penicillamine (Pen or β, β-dimethylcysteine, the structure in Table   1C ) can often increase peptide proteolytic stability. It is also often used in investigation of disulfide bridge role in peptide biological activity (22) (23) (24) The RGD containing peptide sequence, GRGDSP was initially reported by
Pierschbacher et.al., which had better inhibition effect of cell attachment to fibronectin than the peptide RGDS, indicating the flanking sequence of RGD also affected peptide activity (25). Cyclo(GRGDSPA) was subsequently reported to be more effective at inhibiting cell attachment to vitronection than to fibronectin (26).
For the design of cyclic RGD containing peptides, Gly or Ala was added as spacer flanking the RGD sequence. Our previous OBOC library screening effort for αvβ3
integrin ligands with 20% down-substituted library (cX 2 RGDX 6 X 7 c) showed 100%
preference for Gly at the X 2 position (21). In this study, replacement of Gly 2 of LXW7
with D-Ala yielded peptide 8 (D amino acids were used in this position for our previous library design) and led to a 7.8 time loss of binding affinity to K562/αvβ3+ cell ( Table 1) . Gly lacks side chain and it provides conformational flexibility to the peptide backbone and affords the appropriate spatial orientation, resulting in binding affinity enhancement (27, 28) . The previous docking stimulation of LXW7 suggested that the orientation of the Arg side-chain with Asp-218 (in α-subunit of integrin αvβ3 ) might not be optimal (21) . In order to clarify this point, and also to increase the peptide stability toward trypsin digestion at Arg side chain, we replaced Arg with three arginine homologues, HoArg, Agb, and Agp (structures in Table 2 ), to afford peptides 10-12 (Table 1) . However, replacement of Arg with any of these three different arginine homologues resulted in a drastic loss of binding affinity. The optimization of Arg side chain interaction with integrin αvβ3 was not achieved using singular replacement of Arg. Once again, it indicates the dominant effect of RGD motif in LXW7 binding affinity to αvβ3 integrin.
Therefore we did not make any further modification on Gly 4 and Asp 5 .
Substitution of D-Asp

6
The previous OBOC screening study (21) showed that D-Asp and D-Glu appeared with higher frequency (63%) at X 6 position in the library, indicating that acidic residues are favorable at this position. The prior docking simulation study on LXW7
pointed out that D-Asp 6 was able to form a salt bridge with Arg-214 in the β-subunit of integrin αvβ3. This additional interaction probably contributes to the specific binding of LXW7. Therefore we did not do further SAR study at this position.
However in the highly focused OBOC library design for further optimization of LXW7, twenty-three acidic and polar amino acids were chosen as building blocks at the X 6 position (supplementary data Table S2 ). (Table 1) . Replacement with D-Abu (LXW25, D-Abu structure in Table 2 ) has similar binding affinity with LXW7 (Table 1) . The replacement with D-Bug (LXW18, D-Bug structure in Table 2 ) led to a slightly increased binding affinity (Table 1) . Other three compounds (LXW16, 17 and 26, special amino acids structures in Table 2 ) have 4-5 times decrease in binding affinity ( Table 1 In previous studies, LXW7 binding to αvβ3 integrin was based on the structural feature that LXW7 had free N-terminus. The electrostatic interaction between integrin and basic N-terminus of peptide may play an important role in binding affinity. Since peptides with uncharged N-termini have increased cell permeability and more stable against aminopeptidase digestion, we explored the effect of N-capping on binding affinity. Fourteen analogues of LXW7 (peptide 18-31, structures of R 1 to R 14 in Table   2 ) were designed and synthesized (Table 1) the current N-capping experiment suggests that the N-terminus, if not capped, can also be used as a handle for attachment of drug payload. Therefore, unlike cyclo(RGDfV) which has no handle for tethering, the LXW peptides have two handles for functionalization with drugs and/or imaging agents.
Substitution of D-Val
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N-methylation scan of LXW7
Incorporation of N-methylated amino acids into peptides changes its backbone conformation and increases peptide membrane permeability and proteolytic stability.
It has been often used to affect peptide potency and selectivity to receptor subtypes (29, 30) . N-methylation scan strategy was applied to LXW7, from X 2 position to X 7 position, resulting peptides 32-37 (Table 1) . Their structures and physicochemical characteristics are given in Table 1 and supplementary data Table S1 . Among Based on these and our previous study results, two highly focused OBOC cyclic peptide libraries with the general sequence of cyclo (cGRGDX 6 X 7 c) were designed and synthesized ( Figure 3A and B, Supplementary Data "Synthesis of focused libraries"). The focused libraries were synthesized on TentaGel resin utilizing the standard "split-mix" synthetic method (16) . Topologically segregated bilayer beads were generated using a biphasic solvent approach (32) . The library compounds were displayed on the 4% of the outer layer, and the coding peptide tags were synthesized on the bead interior. Our previous OBOC libraries (even with 20% down-substitution on the bead surface) had many positive beads presenting very strong binding with K562/αvβ3+ cells. Therefore it could be challenging to identify and isolated the strongest binding beads. To overcome this problem, we down-substituted the free amine groups on the outer layer of the beads to 4% prior to library synthesis, so that the screening stringency is higher. The synthetic route is shown in Figure 3B . The X 6 position was diversified with 23 negatively charged or polar amino acids (supplementary data Table S2 ). The Table S3 and S4). To overcome sequencing ambiguity due to similar retention times of amino acids, the building blocks for position X 7 were divided into two groups after X 6 coupling (Supplementary Data Table S3 and S4) to form two sub-libraries. After coupling of D-Cys 1 , on-resin deprotection of amino acids side chain protecting groups was carried out with TFA cocktail cleavage for two hours. On-resin cyclization was allowed to proceed over two days until Ellman test was negative. The two highly focused OBOC cyclic peptide libraries (total diversity of 1633) were screened against K562/αvβ3+ cells in parallel using our standard whole-cell binding assay (8, 33) . Ten strong binding beads were identified and physically isolated for microsequencing.
Four of them (LXW48, 63-65) were re-synthesized on Rink amide resin and purified by RP-HPLC after cleavage (Supporting Information Table S1 ). The sequences of re-synthesized peptides are shown in Table 1 . At position X 6 , D-Asp was highly favored, which confirmed our previous study result. The D-Asp was able to form a salt bridge with Arg-214 in the β-subunit of αvβ3. This additional interaction probably contributed to the specific binding of LXW7 to αvβ3 integrin (21) . At position 7, hydrophobic amino acids with bulky side chain, were preferred. The IC 50 measurements of the peptides inhibiting biotinylated LXW7 binding with K562/αvβ3+ cells were determined. The results indicated that peptide 40 (LXW64) (structure in Figure 3C ) had the highest binding affinity to αvβ3 integrin with 6.6 times higher binding affinity than LXW7. LXW64 was biotinylated at the C-terminus via a long hydrophilic linker (structure in Figure 3C ), mixed with streptavidin-PE and 
